years period) is also found from altimetry and tide gauge observations. A phase lag, related to the inter-annual frequencies of the Volga River was detected from the point-wise time-series showing level propagation from the northwest to the southeast of the sea. The Cross-correlation between the power spectrum of Volga and that of the northern-most, middle, and southern-most points within the Caspian Sea were respectively 0.63, 0.51 and 0.4 of zero-lag correlation, corroborating the influence of the Volga River. The result of PCA also shows that different parts of the Caspian Sea exhibit different amplitudes of level variations, indicating that the point-wise approach, when employing all available satellite measurements could be a suitable method for a preliminary monitoring of this inland water resource as it gives accurate local fluctuations.
Introduction
The Caspian Sea ( Fig. 1) , situated between latitudes 36.5
• N and 47
• N and longitudes 46.5
• E and 54.5
• E is the world's largest inland water body with an area of about 400,000 km 2 , stretching approximately 1,200 km long in the northsouth direction (e.g., Dumont, 1998; Rodionov, 1994) . Its width ranges from 435 km to a minimum of 196 km, while its length is divided into three sub-basins (the most northern, the middle, and the southern parts). Most of the northern Caspian is shallow, with an average depth of 4 m. The average depth increases southwards with it being about 800 m around the central and approximately 1 km in the southern part (Dumont et al., 2004) . The Caspian Sea has no connection to the world's oceans and its surface level is around -26.5 m below Mean Sea Level (msl) (Kosarev, 2005; Kouraev et al., 2011) .
During the last century, the Caspian Sea displayed considerable fluctuations in its water levels, which have been the subject of several studies (e.g., Rodionov, 1994; Kosarev and Yablonskaya, 1994; Swenson and Wahr, 2007; Lebedev and Kostianoy, 2005 , 2008a ,b, 2010 Kouraev et al., 2011) . Ignatov et al. (1993) , for example, explained the cause of these fluctuations to be possibly climatic, and that it is dependent on the water budget of its basin (precipitation and river recharge minus water loss by evaporation). Impact of ice coverage changes on the level variations of the Caspian and its detecting using altimetry data sets is discussed, e.g., in Kouraev et al. (2003 Kouraev et al. ( , 2004 Kouraev et al. ( and 2008 . Short-term wind-induced fluctuations are known to cause a rise of up to 4 m, although the average fluctuation is about one meter. Other causes include; barometric pressure, tidal variations (often less than 1 m), and seasonal rises induced by high rates of water flow during spring water in the rivers. For more information about physical and geo-physical aspects of the region, see e.g., Kosarev (2005) and Kouraev et al. (2011) . Indeed, fluctuations of inland water bodies are sensitive to climate change and serve as one of its indicators, as was demonstrated in the case of Lake Victoria in East Africa, e.g., by Awange et al. (2008) and the Caspian Sea e.g., by Kouraev et al. (2011) .
On the one hand, the Caspian Sea level changes play a vital role in indicating regional climate change given its three micro-climatic basins (Dumont, 1998; Kouraev et al., 2011) ). Its flooding on the other hand could lead to environmental and economic damage as was the case following its sudden rise in 1978 (Ignatov et al., 1993 , Cazenave et al., 1997 . Moreover, Caspian's fluctuations have been shown, e.g., by Ignatov et al. (1993) to be cyclic over 30-50 years, thereby prompting Ignatov et al. (1993) to warn that if the cyclic pattern is true, a further rise of its water level should be expected in the near future. Knowledge of the fluctuation of its water level, therefore, is not only vital as an indicator of the changing climate, but also to inform environmental flood management programs, thus necessitating the need for continuous monitoring of variations in its level.
Long-term (century-scale) fluctuations of Caspian Sea have been reconstructed from archaeological, geographical, and historical data. The task has been compounded by its sheer size, which makes determining its average water level more complicated. Long-term records show that the average level has varied considerably over the last century, and many studies have been undertaken to attempt to predict mean water-level variations (e.g., Georgievskiy, 2001 and the references therein). Monitoring changes in the water level of inland water bodies the size of the Caspian Sea requires an accuracy and completeness of geographical data coverage that challenges conventional measurement capabilities such as tide gauges.
To meet this challenge, in recent years, space-based remote sensing has provided essential new information. One example is the topex/poseidon (t/p) mission, a satellite altimetry approach that was designed to precisely monitor absolute sea level changes (e.g., Minster et al., 1995; Nerem, 1995; Cazenave et al., 1997) , but also found application in monitoring inland lake level changes (e.g., Birkett, 1994 Birkett, , 1995 Shum et al., 2003; Crétaux and Birkett, 2006) . t/p was applied, e.g., by Cazenave et al. (1997) to monitor the Caspian Sea level from January 1993 until August 1996 (i.e., 3.5 years), from which a fall in its level was shown. Kostianoy and Lebedev (2006) and Lebedev and Kostianoy (2008a,b) studied the level fluctuation using nine points located on the crosstracks of t/p and Jason-1. Swenson and Wahr (2007) used satellite altimetry (Jason) together with the GRACE (Gravity Recovery And Climate Experiment) products to analyze the water storage variation of the Caspian Sea from mid 2002 to 2006, and provided a means by which indirect satellite data could be validated.
Due to the vast size of the Caspian Sea, and the varying climatic patterns within the whole sea (discussed in Sec. 2), each region of the sea would be expected to have a water level pattern different from the other regions. In such a case, it will be desirable to have a method that would provide an analysis of each region individually. A common feature in most of the studies mentioned above, however, is that the Caspian Sea has been treated as a whole, where a single point variation was determined, e.g., in Swenson and Wahr (2007) and Crétaux et al. (2011) or the investigated points were constrained to the cross over of altimetry satellites, e.g., in Lebedev and Kostianoy (2005 , 2008a ,b and 2010 . In a recent study of Kouraev et al. (2011) , though, the spatiotemporal variability of the Caspian Sea is assessed. The spectral characteristics of level variations of the Caspian Sea is, however, is not considered in Kouraev et al. (2011) .
This contribution, therefore, extends these previous studies, by investigating point-wise time-series that looks at the various regions of the Caspian Sea, in addition to treating it as a whole. The data used in this study consists of the t/p mission spanning from 1993 to September 2002 and Jason-1 from 2002 to August 2009, which are employed to generate 280 reliable time-series of sea level changes that cover all the sea surface. In order to extract the spectral characteristics of each time-series, this study employed the least squares spectral analysis (LSSA) (Vanićek, 1969) to obtain the main frequencies of sea level changes. From these frequencies, a Fisher statistical test is undertaken to determine the significant frequencies which are then compared to those frequencies of celestial tides as well as the Volga River discharge to explore their influences on each region. Besides, the statistical method of principle component analysis (PCA) is used to extract and visualize the main variability of sea level changes after removing the tidal frequencies.
The remaining part of the paper is organized as follows: in the next section, we briefly describe the Caspian Sea. The data used in the study is presented in Section 3, while Section 4 outlines the analysis methods, and the results are presented and discussed in Section 5. Finally, Section 6 summarizes the major findings.
The Caspian Sea
The Caspian Sea (Fig. 1) is supplied mainly by discharge from rivers and precipitation. Its water budget is completed by being drained predominantly through evaporation and a minor outlet to Kara-Bobaz Gulf. The largest of these rivers is the Volga, which drains an area of 1,400,000 km 2 and runs into the north-western part of the Caspian, contributing more than 80% of the total inflow (Dumont, 1998) . The Volga River, together with Kura, Terek, Ural and Sulak, supply over 90% of the inflowing freshwater to the Caspian Sea. The Iranian rivers and smaller streams on the north-eastern part of the country supply the remaining 10%, since there are no permanent inflows on the eastern side (e.g., Kazakhstan and Turkmenistan regions) (TDA, 2002) .
The average salinity of the sea is about 12.8 psu, which is almost three times lower than what is normally found in the open oceans, especially in the northern Caspian, where there is a large inflow of fresh water from the Volga and Ural rivers. Ice forms in the northern portions of Caspian in early November and reaches its maximum southern extent by January or February (Kosarev and Yablonskaya, 1994) .
The climatic conditions of the Caspian Sea are influenced by cold Arctic air, moist sea air masses forming over the Atlantic ocean, dry continental air masses from Kazakhstan, and warm air masses coming from the Mediterranean Sea and Iran. According to Rodionov (1994) , three types of the atmospheric circulation over Russia exist. Among them, the meridian type, which is characterized by stable high pressure over European Russia, resulting in cold winters and hot cloudless summers, is most common and has been more dominant than usual over the Caspian Sea in recent years (Kosarev, 2005) . Extreme temperature conditions contribute to the changing Caspian Sea level while the annual component has an amplitude of approximately 20 mm as reported in Swenson and Wahr (2007) . A detailed discussion on the ice cover of the Caspian Sea as well as the techniques for detecting them from remote sensing observations are documented, e.g., in Kouraev et al. (2003 Kouraev et al. ( , 2004 Kouraev et al. ( and 2008 .
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Data
Three datasets were used in this study. These are (i) derived water levels from t/p and Jason-1 satellite altimetry missions, (ii) water levels from tide gauge in-situ measurements provided by the Iranian Caspian Environmental Study Center, and (iii) the Volga River discharge.
3.1. TOPEX/Poseidon ( t/p) and Jason-1 altimetry data
The launching of the t/p mission on the 10th of August 1992 opened a new era for understanding global ocean dynamics by making precise and accurate observations of sea level variation. The satellite covered the Earth from 66
• N to 66
• S which includes most of the ice-free oceans. The t/p satellite orbited at an altitude of 1,336 km above the reference ellipsoid (a mathematical figure approximating the mean sea level) and measured the distance between the satellite and the Earth's sea surface with an accuracy of 4 cm (Birkett, 1995) . Jason-1 was launched as the follow-on mission to the t/p on the 7th December of 2001 and overflies nearly the same ground-tracks (Picot et al., 2003) .
Each of t/p and Jason-1 cycles includes 254 passes, where 127 are ascending and 127 are descending. In most of them, eight ground tracks pass through the Caspian Sea with reliable altimetry, as shown in Fig. (1) . To obtain the ssh of the Caspian Sea during more than ten years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) of the t/p mission, its cycles (11th to the 365th) in the form of Merged Geophysical Data Record (mgdr) are used. For Jason-1, use is made of 283 cycles of the Interim Geophysical Data Record (igdr) from the NASA Physical Oceanography Distributed Active Archive Center (PODAAC) at the Jet Propulsion Laboratory (JPL) of California Institute of Technology. Note that MGDRs and IGDRs represent more accurate altimetry data of the t/p and Jason-1 missions, respectively (see e.g., Kouraev et al., 2011) . In this study, however, the data of mgdr and igdr are used to make the results comparable to those of previous studies, e.g., Kostianoy and Lebedev (2006) and Lebedev and Kostianoy (2008a,b) .
In general, each mgdr and igdr file incorporates improved orbits (Nerem et al., 1993 ) that yield satellite heights from a reference ellipsoid. The main component of both datasets is the altimetric ranges measured at the Ku and C bands. We used the Ku band range data, which is recommended for most applications (e.g., Benada, 1997) . The provided ranges are already corrected for instrumental effects such as drifts. However, they must be corrected for the atmospheric errors (e.g., ionospheric and tropospheric effects), which affect the radar pulse as it passes through the atmosphere, and the nature of the reflecting sea surface. The corrected range is calculated following the handbook of products (Benada, 1997; AVISO, 1996) ρ c = ρ + ∆w + ∆d + ∆I + ∆IB + ∆E + ∆P T + ∆CM,
where ρ c and ρ are the corrected and measured range values respectively, ∆w, ∆d and ∆I are the wet tropospheric, dry tropospheric and ionospheric corrections, respectively. Electromagnetic bias and inverse barometer errors are corrected by the terms ∆E and ∆IB, respectively. Corrections due to temporal variations in the used coordinate system, i.e., the geocentric pole tide and center of gravity motions, are given by the terms ∆P T and ∆CM , respectively. All of the correction parameters in Eq. (1) are included in the provided mgdr and igdr data.
Since the tidal model used in the mgdr and igdr products are valid only for the oceans (Benada, 1997; AVISO, 1996) , their associated corrections were not applied to correct the ranges (Eq. (1)), at this stage. However, for the Caspian Sea that exhibits a non-neglectable tidal fluctuations, the tidal corrections needed to be computed from a regional tidal model or the data itself (AVISO, 1996; Kouraev et al., 2011) . In this study, once the point-wise timeseries were computed in Section. 3.1.1, the tidal coefficients of the Caspian Sea were derived from the LSSA of each point-wise time-series and used to correct each observation (discussed in Sec. 5.2). Kouraev et al. (2011) state that the dry and wet tropospheric corrections, included in the mgdr and igdr products, are not correctly computed. Therefore, they suggest a use of a best possible model e.g., ECMWF (Mercier and Zanife, 2006) , to compute the corrections. This study, however, used the flag from Brown (2010) to exclude those observations with invalid correction values. In order to estimate the impact of using different corrections (in Eq. (1)) on the desired SSH measurements over the Caspian Sea, we compared the most uncertain corrections (including dry tropospheric, wet tropospheric, and inverse barometric corrections) to those corrections derived from the ECMWF atmospheric model. The corrections of ECMWF were downloaded from the Radar Altimeter Database System of Delft University of Technology 1 . Fig. 2 shows that the magnitude of differences between their standard deviations, after using the mentioned flag, reaches up to 5 cm which are mainly concentrated over the southern coasts.
FIGURE 2
After correcting the data according to Eq. (1), the instantaneous ellipsoidal height of sea surface (ssh) is computed by the difference:
where H sat (φ, λ, t) is the altitude of the satellite at a given location and time measured from the reference ellipsoid provided in mgdr and igdr datasets. In addition to the mentioned SSH products, we used the SSH products of Crétaux et al. (2011) to validate our computations. Crétaux et al. (2011) used the environmental satellite (ENVISAT) measurements in addition to t/p and Jason-1 for computing SSHs over the Caspian Sea. Their results can be found from the official website of the Laboratoire d´Etudes en Géophysique et Océanographie Spatial (LEGOS) 2 . In order to derive the surface heights above the geoid, following Cazenave et al. (1997) , the averaged collinear passes of t/p over complete ten years of 1993-2002 were considered as the geoid of the Caspian Sea. SSH at each point then referred to the geoid by computing the difference of Eq. (2) and the 10-year mean level of that point. The priority of using a suitable mean sea level instead of geoid models for reducing SSH of the Caspian Sea is also addressed in Kouraev et al. (2011) .
Point-wise SSH time-series
Since t/p and Jason-1 orbit the Earth in a repeat mode, the footprints of satellites from different cycles are located in close proximity. Consequently, one can interpret each altimetry point as a virtual tide gauge where the sea surface height is observed every 9.915625 days. From this perspective, satellite observed sea heights can be independently analyzed for each observation location which is called here the 'Point-wise' approach.
However, satellites do not repeat exactly at the same ground track. Differences between tracks (footprints) are around 1 km (Hwang et al., 2005) . Therefore, it is necessary to map repeated sea level observations of different cycles to a reference cycle. While the separation between every two sequential measurements in one pass is around 5 km, we treat all the observations from cycle 011 of t/p as the reference points. Then, those observations from other cycles of t/p and Jason-1 that were located within a radius of 3 km to the reference points were considered as repeated observations.
It should be mentioned here, that the definition of the detected points as time-series introduces a problem, that is, different cycles have a different geoid profile. This effect is called the cross-track geoid gradient and has a nonnegligible influence on SSH (Benada, 1997). The problem is solved by reducing the SSH of the detected points by the geoid difference to the reference point.
The bias between SSHs of the two missions is also removed by implementing a simple shift, while assuming those of t/p tracks as the reference (see also Chambers et al., 2003) .
Using the point-wise approach, 280 virtual time-series with reliable records are computed over the Caspian Sea. SSH time-series of the three points, i.e., the northern-most (44.86
• N and 48.01
• E ), middle (42.28
• N and 50.16
• E ), and southern-most (37.59
• N and 53.54
• E ) points of Fig. 1 , are shown in Fig. 3 . The time-series are corrected for the tidal main frequencies (Table. 1) using lssa (Eq. 5), with the correction procedure described in Sec 5.2. The middle graph also compares the derived SSH time-series of the middle point with the results of Crétaux et al. (2011) 3 for a virtual point located in 42
• N and 50
• E , showing high agreement.
FIGURE 3
It is necessary to mention that the computed time-series in the point-wise approach depicts the behavior of sea level variations only at that single position and its surrounding, and cannot be generalized to other locations of the sea. Furthermore, due to the variations caused by external factors (e.g. the discharge of the Volga River in the north or atmospheric conditions), every location experiences a different phase relationship. This will be discussed in details in Section. 5.4.
Tide-gauge data
Gil and de Toro (2005) state that recording sea level changes at a fixed location for a suitable period of time can be used to determine the sea surface harmonic oscillation generated by harmonic forces via the harmonic analysis scheme. Therefore, obtaining frequencies from gauge observations is also a reliable method of evaluating the frequencies resulting from the spectral analysis of space-borne sea surface heights (ssh). Lyubushin et al. (2004) previously used the tide gauge datasets around the Caspian Sea to evaluate the level frequencies from 1977 to 1991. Their study, however, does not incorporate the satellite observation, which also provide dense collection of observations all over the sea.
Gauge observation has a relatively long history in Bandar-e Anzali (a harbour town on the Caspian Sea, in the Iranian province of Gilan (Bird, 2010) . The gauge station is located in the south-western part of the Caspian Sea at 37.47
• N and 49.46
• E (Fig. 1 ). This study used daily tide gauge records of the Anzali port from 1983 to 2006 to evaluate the results of the satellite timeseries that were located close to this station (see Fig. 4 ). We also used monthly observations of two other tide gauges in the Iranian coast located at 36.84
• N and 53.27
• E (in Neka) as well as 36.65
• N and 51.50
• E (in Noshahr), covering the period of 1998 to 2008.
The altimeter results, shown in Fig. 4 ,top correspond to a location with latitude 37.54
• N and longitude 50.74
• E , derived from the point-wise analysis discussed in Section. 3.1.1 and corrected for the tidal main frequencies (Table. 1) using lssa in (Eq. 5). The correlation coefficient between the satellite SSH and Anzali tide gauge observation for the period 1993 to 2007 was 0.86, thus showing a reliable agreement. The closest SSH time series to the location of Neka and Noshahr tide gauges were also extracted. The results show a significant correlation of 0.82 and 0.76 between altimetry and the in-situ values of Neka and Noshahr tide gauges, respectively. The magnitude of the altimetry-derived SSH is about 90% of the gauge observations, which might be due to the instrumental corrections.
FIGURE 4
Volga River data
Traditionally, the Volga River basin is subdivided into three parts according to the general climatic background characteristics: northern (from northern margins down to approximately the latitude of Saratov), the central or middle part of the basin (approximately from Saratov to Volgograd), and the southern (approximately from Volgograd to southern margins along the Caspian Sea shores and the Kazakhstan border) (Golosovand and Belyaev, 2010) .
Since the discharge of the southern basin directly affects the sea level of Caspian, here, we used the available monthly discharge data from 1999 to 2005 measured at the Volgograd hydro-electric power station located upstream from where the Volga flows into the Caspian Sea (Fig. 1) .
Further, the measurements of t/p and Jason-1 on the southern Volga are used to study its effect on the sea level fluctuations. Possibility of such study was previously reported in Lebedev and Kostianoy (2006) 
Methodology
Least Square Spectral Analysis (LSSA)
The least squares estimation technique is a frequently used method for deterministic modeling of measurements (Vanićek, 1969) . For a periodic observable, the deterministic part consists of a limited number of periodic components, which can be modeled by sine and cosine base functions (Vanićek and Krakiwsky, 1986; Foster, 1996) . The least squares estimation is employed to decompose any measured observable to its periodic components, which is equivalent to traditional power spectral density determination methods (e.g., Fourier analysis). However, the traditional Fourier analysis is significantly limited in their applications while it requires equally spaced data in the argument. This is almost a seldom case in practice since, observations are usually unequally spaced and scattered (Vityazev, 1996; Rubin, 2002) .
To use a traditional spectral analysis such as Fourier analysis, therefore, the unequally spaced original data should be mapped to an equidistant grid. Depending on the smoothness of the original series, the presence of data gaps, and the subjective choice of the mapping function, a new set of observations are generated. The problem is even more critical if one maps the data by interpolation schemes, which also tend to smooth out any high frequency components of the original data series.
To overcome these limitations, Vanićek (1969) developed a method of spectrum computation on the basis of least squares estimation. The method is known as Least Squares Spectral Analysis (LSSA) and has been widely applied in geosciences, see e.g., Wu et al. (1995); Craymer (1998) .
Assume f to be an n × 1 observation vector, which contains sea surface hight measurements from satellite altimetry or tide gauge. Then, consider a set of real and positive frequencies {ω 1 , ω 2 , · · · , ω m }, whose spectral values for a given observation vector are to be determined. For each frequency ω i , φ c (ω i ) and φ s (ω i ) are defined as the base functions
where t 1 , t 2 , · · · , t n are the observations times, and could be either equally or unequally spaced measurement epochs. The vectors φ c (ω i ) and
. Therefore, as in Vanićek (1969) , the spectral value of each frequency can be computed from
Finally, the set of all these spectral values for all frequencies is called the least squares spectrum of the observation vector f , as
Statistical test
The significance of the estimated spectral values can be tested statistically, thus providing one of the main advantages of the least squares spectral analysis. Steeves (1981) showed that the criteria for accepting or rejecting the null hypothesis, H 0 : S(ω i ) = 0, is defined as:
where F ν,2,α is the critical value of Fisher distribution with ν and 2 degrees of freedom at a significance level of 1 − α. The results of the statistical tests provided in this study correspond to a 95% level of confidence (α = 0.05).
Aliasing phenomenon
According to the Nyquist-Shannon sampling theorem (Shannon, 1984) , the maximum detectable frequency of a continuous function, which is sampled equidistantly in n points with spacing ∆t, is
where T = t n − t 1 and ν 0 are the length of the observation time-series and the fundamental or natural frequency, respectively, and ν max is the Nyquist frequency (e.g., Awange et al., 2008) . A continuous time-series can only be completely reconstructed from sampled values if the sampling time interval is smaller than 1 2νmax . Otherwise, the period of the component of signal with a frequency of ν aliases to ν a . Therefore, for t/p and Jason1 data with a temporal resolution of 9.915625 days, some of the tidal frequencies with periods less than 10 days will be aliased. According to Wang (2004) , for an actual tidal frequency ν k , there is an aliased frequency ν k a such that
where ν s is the sampling frequency of satellite altimetry. The length of the observation vector should be long enough so that two close tidal components, ν 1 and ν 2 can be separated. This involves determining the Raylight period T r which is defined as,
where π is equal to 3.14 and ν 1 and ν 2 are two neighboring frequencies. In order to separate the ν 1 and ν 2 , observation period should be larger than the Raylight period. Consequently, we are able to determine all the main tidal frequencies (except the 18.6 years of the moon) using 3 years of t/p or Jason1 observations. Moreover, two marginal Sun semidiurnal and Sun semiannual frequencies are able to be separated if we use 9 years of t/p observations. Therefore, we could expect to sense nearly all tidal components using a decade (1993 − 2003) of satellite altimetry data, cf. Wang (2004).
Principle Component Analysis (PCA)
Principal component analysis (PCA) is a simple, non-parametric statistical method, which can be used for extracting the dominant variability of spatiotemporal data sets (Preisendorfer, 1988) . In principle, PCA decomposes a centered matrix F, which in our case contains the 280 SSH time-series of Section 3.1.1 in its columns, in terms of a new set of spatially orthogonal vectors (EOFs) associated with temporally uncorrelated temporal components known as principle components (PCs) (Preisendorfer, 1988) .
whereP contains scaled PCs, i.e. max(P) = 1 and min(P) = −1, and E T = P T F contains the corresponding orthogonal spatial patterns in its columns. Ordering orthogonal components (EOFs and PCs) w.r.t the variance of EOFs, the PCA method captures the maximum variability of the data set (F) in a few components (Preisendorfer, 1988) . PCA will be used in Section 5.3 to extract the dominant variability of sea level changes within the Caspian Sea.
Numerical Results and Discussion
Trend analysis
Decomposition of the data series to the trends and residuals can be carried out only if the analytical model of the trend is stipulated. This means that the systematic behavior of the measurements is known with respect to the coordinates (in this case, time). It is necessary to remark that the term trend is loosely defined in this work as a long-term change in the mean level. A difficulty with this definition is deciding what is meant by a long-term, i.e., some climatic phenomena exhibit cyclic variations with a very long period. Nevertheless, in the short term, it may still be more meaningful to think of such a long-term oscillation as a trend. Chatfield (1989) defines trend as comprising all cycle components whose wavelength exceeds the length of observed time-series. This definition is adopted for our analysis.
Defining trend in the Caspian Sea is too complicated. Long-term in-situ observations in the Caspian Sea illustrate a nonlinear trend. However, Lyubushin et al. (2004) , for example, considered a linear form to model the trend of Caspian Sea level variations before 1995. Based on the results of Fig. 3) , however, it is clear that the behavior of the Caspian Sea water level has changed compared to the time before 1995.
In order to model the trend in each satellite time-series, we considered a nonlinear trend based on the least squares polynomial fit in the form of ssh = at n + bt n−1 + ... + c + e cos(2πf 1 t)) + f sin(2πf 1 t)) + g cos(2πf 2 t) + h sin(2πf 2 t))). Where ssh is the observed level height, t time of observation, n the maximum degree of polynomial, f 1 the annual, and f 2 the semi-annual frequencies. The unknown coefficients (a, b, ..., c, e, f, g and h) are estimated using a least squares adjustment (Vanićek and Krakiwsky, 1986 ).
Our analysis shows that for most of the time-series (except for the time-series over the Kara-Bobaz Gulf) a quintic polynomial (i.e., of degree 5 ) is suitable to model the trend during the period 1993 to 2010. The order is evaluated by assessing the root mean square (RMS) values of the residuals. It was noticed that when increasing the order of the polynomial to higher than 5 , the RMS did not decrease significantly.
After the trend removal, lssa (Eq. (5)) is implemented to the remaining part of the gauge observations and the other 280 satellite time-series to derive the main significant frequencies of the Caspian Sea. The details of the implementation are described in the following section (Sec 5.2).
SSH frequencies
In the point-wise approach, the spectrum of every observed point independently shows the local sea surface behavior. However, the periodic components originate from common sources. Space-borne measured instantaneous sea surface heights are the differences of satellite height and measured ranges (e.g., Eq. 2). Therefore, major periodic effects on ssh are due to;
• Seasonal and celestial tidal periodic effect on the measured ranges, or,
• Orbital periodic perturbations in the positions of satellite.
After removing the polynomial trend of the sample point height records, the residual observations are analyzed using lssa (Eq. 5). As an example, the achieved power spectrum result related to the middle point of the Caspian Sea (shown in Fig. 3, middle) , before correcting for the tidal frequencies, is demonstrated in Fig. 6 . The validity level is derived from implementing the statistical test (Eq. 7).
FIGURE 6
Most of the computed power spectrum, from the 280 time-series, show a long wave-length 0.00022 cycle per day (cpd) frequency (≈ 12.5 years), which passes the statistical test in (Eq. 7). The result corroborates the 12.8 years value found by Lyubushin et al. (2004) (see e.g., Fig. 6 ). The tidal frequencies are also clearly highlighted in the power spectrum of the signals. Of course, not all frequencies result from water level fluctuation.
Due to the sample rate (ν s = 9.915965 days) of t/p and Jason-1, some aliased frequencies have emerged in the spectrum. For example, the aliased frequency of ν M2 a = 0.0161 cpd (≈ 62.107 days) is equivalent to the lunar semidiurnal frequency M 2 with ν M2 = 1.9305 cpd. S 2 corresponds to the Sun semidiurnal frequency with the aliased frequency of ν S2 = 0.017024 cpd as well as ν SA = 0.002738 cpd that corresponds to the Sun annual frequency with a period of 365.23 days. These 3 frequencies were found to be dominant tidal frequencies in most of the 280 time-series. Fig. 7 shows the amplitudes and phases of M 2 and S 2 to be compared with those of T-UGO model in Kouraev et al. (2011) . Our results confirms the model outputs, specifically w.r.t their phases. however, the derived amplitudes of M 2 and S 2 with the mean value of 4.2 and 2.8 cm, respectively, are bigger than the model outputs.
FIGURE 7
A summery of the major tidal frequencies and their computed aliased values corresponding to our point-wise lssa are listed in Table (1) . The results are comparable to those of experimental formula (Eq. (9)) provided by Wang (2004) . The mean amplitude of each tidal frequency in the Caspian also is also reported in Table (1) .
TABLE 1
To explore the effect of non-tidal perturbation forces in the level variation signals, after removing trend, we corrected the time-series for the long-wavelength (≈ 12.5 years) and the tidal periodic components. This was done by assuming the tidal frequencies listed in Table 1 as known, then their effects were computed from Eq. (5) and removed from the time-series. As a result of this correction, short wavelength variations are superimposed on a long-term periodic fluctuation. In other words, the lssa of the remaining parts visualize the unknown periodic constituents of the observed ssh if the omission error is neglected. For instance, Fig. 8 shows power spectrum of the sample point corresponding to Fig. 3 after removing the tidal components. A new peak that was already suppressed in total signal spectrum due to the significant effect of the tidal components emerges.
FIGURE 8
This new frequency is related to the periodic perturbation of the satellite height since nearly all the periodic tidal components are removed from ssh. Spectral analysis of the residual orbital height, i.e., satellite altitude minus nominal orbital (provided in mgdr and igdr data) height minus tidal periodic effect, shows the same spectrum for the middle point in Fig. 1 (see Fig.  9A ).
For the sake of completeness, the same analysis have been performed for two other satellite position above the Lake Victoria in East Africa (see the results in Fig. 9B ) and the Atlantic ocean (in Fig. 9C ). Their spectra are similar to the spectrum of the middle point above the Caspian Sea. Of course, a few more meaningful components are visible in the lake Victoria spectrum (compare the peaks in A, B and C) whose detail interpretation is outside the scope of this paper (see Fig. 9 ).
FIGURE 9
Global scheme of level variations within the Caspian Sea
After removing the orbital frequency from the previously corrected timeseries, we interpolated the 280 time-series to monthly intervals covering 1993 to 2008.8. Then PCA was applied to extract the main spatio-temporal variability of the Caspian Sea level changes. Our results show that the first orthogonal components (EOF1 and PC1), corresponding to 91% of the level change variance, are significant while the remaining components correspond to noise (see Fig. 10 ). Spatial pattern of EOF1 indicates that the regions over the northern part of the Caspian Sea exhibit bigger amplitude of the level changes compared to the middle and south parts of the Sea. The temporal component (PC1) shows an annual cycle along with a trend which can be devided to 5 intervals, including 1993 to March 1995 , April 1995 to September 1996 , October 1997 
Relationship to the Volga River
To study the influence of the Volga River on the water level changes of the Caspian Sea, we considered the three points discussed previously (Fig. 1) . The time-series are derived from the point-wise approach, selected from the pass 92 (Fig. 1) . Sea surface height power spectrum of these points are depicted in Fig. (11) . The most-northern point shows high fluctuations at high frequencies since the Caspian Sea is mostly fed by the Volga River discharge. The variations gradually changes to low-frequencies, which more or less show the local variations (see Fig. 11 and compare the amplitudes of the peaks).
FIGURE 11
Analysis of the Volga River discharge could be very useful for classifying the peaks that appeared in the SSH spectrum in Fig. (11) . The SSH of the Volga River during 1992 − 2010 along with the monthly record of the river outflow during 1999 − 2005 is shown in Fig. (5) . The spectral analysis of the Volga's SSH is given in Fig. (12) . The spectrum shows the annual and semi annual frequencies are dominant in the discharge of Volga (Fig. (12, Top) ). Removing these two peaks leads to an amplification of less prominent components, i.e., the frequencies of 0.0068 cycle per day (cpd), 0.0078 cpd, 0.0098 cpd and 0.0112 cpd emerge as the four significant peaks in Fig. (12, Bottom) .
FIGURE 12
One can see that the ssh spectrum of the most northern point (Fig. 11, A) is very similar to Volga discharge spectrum (Fig. 12, Bottom) . Furthermore, it is clearly seen that the fluctuation of the sea surface in the north has short period. However, the middle and southern parts of the sea experience the longer-period effects of the Volga River (Fig. 11, B and C) . This is also confirmed from the computed cross-correlation of the Volga's power spectrum with the powers of To illustrate the effect of the Volga River on the Caspian Sea fluctuations during the study period, we computed the phase lag of the significant frequencies of the Volga River (Fig. 12, Bottom) from the sea surface height time-series along pass 92 (Fig. 1) as a function of distance from the north (Volga entrance). The results are plotted in Fig. 13 . The process of the first three frequencies 0.00068 , 0.0078 and 0.0098 (cpd) respectively corresponding to the periods of 4.02 years, 128.2 days and 102 days appears to vary southwards. The phase lag of the 0.0112 cpd signal corresponding to 89 days (Fig. 13, D) is nearly constant in the same direction. Therefore, different locations experience the effect of the first three frequencies with a time delay, while the last component (0.0112 cpd) is visible simultaneously at different locations.
FIGURE 13
Conclusions
In this paper, we studied the frequency structure of the water level changes in Caspian Sea using point-wise measurements of t/p and Jason-1 altimetry missions. The computed 280 SSH time-series expand the previous studies to cover the surface of the Caspian Sea more appropriately. Further, they can also be useful for the water management of the Caspian Sea thus providing a tool to analyse each part of the sea individually, while the PCA would be useful for extracting the main spatial and temporal pattern of level variations within the sea. Our results also show the impact of the Volga River on the Caspian Sea level changes, thus corroborating the previous findings. A summary of the outcomes of this research are as follows:
• Long-term in-situ daily tide-gauge observations in the Anzali port and most of the altimetry time-series contained a 12.5-years longwavelength periodic component which passes the statistical significant test.
• The lssa of the ssh residuals time-series shows the presence of significant tidal frequencies that are aliased to other frequencies, from which M 2 , S 2 and SA are dominant.
• The lssa of the satellite orbital heights time-series indicates some significant frequencies, which are also presented in the ssh power spectra.
• The results of PCA shows that the amplitude of water variations in the north part of the Caspian Sea is bigger than the middle and south parts of it.
• Analysis of point-wise time-series shows a phase differences between various passes. It seems that these differences are due to the distance of the passes to the Volga River. Changes in the discharge from the Volga do not effect the entire sea immediately. Therefore, the locations that are closer to the river experience fluctuations in water level sooner than the more distant locations. Consequently, it seems that point-wise analysis is more suitable for investigating the water level changes in the Caspian Sea and the same may be said for other vase area inland water sources.
• Applying the lssa to the level fluctuations of the Volga River indicates 5 major frequencies in addition to the annual and semi-annual frequencies.
Studying the phase distribution of these frequencies shows their influences on the Caspian Sea level are location-dependent. These results confirm the findings of previous studies, e.g., (2008a,b) thus showing the impact of Volga in the spectral structure of level variations of the Caspian Sea. Note, however, that there are also other external factors such as precipitation and evaporation that on one hand are high correlated to the out flow of the Volga River and on the other hand have considerable high influence on the level variations of the Caspian Sea (see e.g., Kouraev et al., 2011) . Therefore, the reported frequencies might change w.r.t the changes of climatic factors.
• Annual, semi-annual and seasonal frequencies are clearly visible in the Caspian Sea. Moreover, there is a c.a. 0.0009 cpd frequency (corresponding to the period of 3 years) in both ssh and tide-gauge time-series. Interpretation of this frequency is still an open question. (Fig. 3) ssh spectrum after removing the tidal components Figure 9 : Power spectrum of satellite height time-series at three different sample points above: A) the Caspian Sea, B) Lake Victoria and C) the Atlantic Ocean. The spectra all shows a similar pattern Spatial pattern of PC 1 (EOF 1) cm Temporal pattern of PC 1 Figure 10 : Results of PCA, applied on the 280 tidal and orbital corrected time-series: top) the spatial pattern in cm and bottom) its corresponding temporal pattern which is scaled being between +1 and -1. Multiplying EOF1 by PC1 using (Eq. 7), one can reconstruct 91% of level changes in the Caspian Sea. Table 1 : Main tidal components and their aliased frequencies. The first column indicates the sign of tidal frequencies, the second column the real value of the tidal frequencies derived from astronomical studies (c.f. Cartwright, 1993) , the third column shows the corresponding real period, fourth column lists the computed frequencies with respect to t/p sampling rate, the fifth column is their corresponding aliased periods, and the sixth column the mean amplitude of the frequencies for the whole sea.
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